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Although there is now substantial evidence that developmental change occurs in
implicit learning abilities over the lifespan, disparate results exist regarding the specific
developmental trajectory of implicit learning skills. One possible reason for discrepancies
across implicit learning studies may be that younger children show an increased sensitivity
to variations in implicit learning task procedures and demands relative to adults. Studies
using serial-reaction time (SRT) tasks have suggested that in adults, measurements
of implicit learning are robust across variations in task procedures. Most classic SRT
tasks have used response-contingent pacing in which the participant’s own reaction
time determines the duration of each trial. However, recent paradigms with adults
and children have used fixed trial pacing, which leads to alterations in both response
and attention demands, accuracy feedback, perceived agency, and task motivation for
participants. In the current study, we compared learning on fixed-paced and self-paced
versions of a spatial sequence learning paradigm in 4-year-old children and adults. Results
indicated that preschool-aged children showed reduced evidence of implicit sequence
learning in comparison to adults, regardless of the SRT paradigm used. In addition, we
found the preschoolers showed significantly greater learning when stimulus presentation
was self-paced. These data provide evidence for developmental differences in implicit
sequence learning that are dependent on specific task demands such as stimulus pacing,
which may be related to developmental changes in the impact of broader constructs such
as attention and task motivation on implicit learning.
Keywords: implicit sequence learning, serial reaction time paradigm, statistical learning, probabilistic learning,
developmental invariance hypothesis
INTRODUCTION
Implicit learning has been defined broadly as a sensitivity to
patterns, regularities, sequential information, and/or statistical
dependencies in the environment that largely takes place outside
of conscious awareness (see reviews by Cleeremans et al., 1998;
Perruchet and Pacton, 2006). Early theories of implicit learning
postulated that because implicit learning is a fundamental, adap-
tive cognitive mechanism, it should recruit evolutionarily basic
brain regions and demonstrate early maturation (Reber, 1993).
Subsequent research has confirmed that implicit learning mecha-
nisms do generally utilize so-called evolutionarily primitive brain
regions such as the basal ganglia (e.g., Rauch et al., 1997; Bischoff-
Grethe et al., 2004) and do appear early in development (i.e.,
during infancy, see Canfield and Haith, 1991; Saffran et al., 1997;
Kirkham et al., 2002). Additionally, there is a growing body of
evidence that developmental change occurs in implicit learning
abilities over the lifespan (e.g., Mayberry et al., 1995; Fletcher
et al., 2000; Clohessy et al., 2001; Thomas and Nelson, 2001;
Thomas et al., 2004; Vaidya et al., 2007; Janacsek et al., 2012; how-
ever, see also Meulemans et al., 1998; Vinter and Perruchet, 2000,
2002; Dorfberger et al., 2007; Karatekin et al., 2007; Amso and
Davidow, 2012 for developmental invariance of implicit learning
arguments). However, describing the specific developmental tra-
jectory of implicit learning skills during childhood remains chal-
lenging given the wide variety of tasks and age groups utilized
across studies.
In the adult implicit learning literature, the classic serial-
reaction time (SRT) task (Nissen and Bullemer, 1987) remains
one of the most widely accepted measures of implicit learning.
In the classic SRT task participants are required to map the spa-
tial location of a visual target to a spatially corresponding motor
response (e.g., button press). During the task, the appearance
of target stimuli is alternately constrained to follow a repeating
pattern or a set of probabilistic rules, or determined randomly.
Participants are typically unable to verbally describe the repeat-
ing pattern that is present. However, over time individuals show
evidence of sequence specific learning, as demonstrated by faster
reaction times on sequence trials in comparison to random trials.
Results from SRT tasks with adults have suggested that mea-
surements of this form of implicit learning are robust across
many variations in task procedures. Importantly, sequence spe-
cific learning is observed under different sequence probability
structures (e.g., Stadler, 1992), as well with variations in the
cue dimensions conveying the sequence (e.g., spatial location
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of sequence vs. stimulus identity; Robertson and Pascual-Leone,
2001). Learning is also observed in paradigms where the struc-
ture of the random trials is modified, including in paradigms
when random trials are never present and the sequence is contin-
uously cycled (Nissen and Bullemer, 1987), when random trials
are introduced between sequence repetitions (Meulemans et al.,
1998; Chambaron et al., 2006), and when random trials appear
probabilistically within the repeated sequence (e.g., Song et al.,
2007). Furthermore, sequence specific learning is also observed
when motor response demands of the traditional SRT task are
altered to break simple stimulus-response mappings (Chambaron
et al., 2006; Deroost and Soetens, 2006).
Although SRT tasks are a widely accepted measure of implicit
learning in adults, only a small number of studies have been
conducted investigating implicit learning using this paradigm in
children or adolescents. In the first developmental SRT study
published, Meulemans et al. (1998) did not find age-related
differences in implicit sequence learning among 6- and 10-year-
old children and adults. This result was extended into older
age ranges by Karatekin et al. (2007) who failed to find signif-
icant age related differences among children, adolescents, and
young adults in manual or oculomotor measures of implicit
learning.
However, other researchers have found strikingly different
results while using highly similar SRT paradigms with chil-
dren. For example, Thomas and Nelson (2001) found that while
4-, 7-, and 10-year-old children did not differ by age group in
magnitude of implicit sequence learning, the number of indi-
viduals demonstrating evidence of sequence specific learning
increased with age. Furthermore, a later fMRI study found that
in comparison to adults, children age 7–11 years demonstrated
reduced magnitude of overall sequence learning, required more
time on task to show a significant learning effect, and showed
greater recruitment of subcortical motor circuitry during SRT
task performance, all suggesting general developmental changes
in both neural and behavioral components of implicit learning
from childhood to adulthood (Thomas et al., 2004). Additional
research with SRT paradigms using both unimanual and biman-
ual task versions (DeGuise and Lassonde, 2001), assessing the role
of sleep in sequence learning consolidation (Fischer et al., 2007),
and tracking SRT performance over multi-day training (Savion-
Lemieux et al., 2009) have provided at least some indication that
implicit learning abilities as measured by the SRT task are not
developmentally invariant.
One possible reason for the discrepant results across SRT stud-
ies may be that younger children show an increased sensitivity to
variations in implicit learning task procedures and demands rela-
tive to adults. In particular, one procedural variation in SRT tasks
that has remained largely uninvestigated in both adults and chil-
dren that may have a strong impact on children’s learning is task
pacing. SRT tasks traditionally have used response-contingent
pacing in which the participant’s own reaction time determines
the duration of each individual trial. However, to control for
total stimulus exposure and overall task duration across par-
ticipants, many researchers have also begun to use fixed-trial
pacing, particularly in fMRI studies utilizing SRT tasks (e.g.,
Rauch et al., 1997; Bischoff-Grethe et al., 2004; Thomas et al.,
2004). The introduction of fixed-paced trials may lead to unin-
tentional alterations in both response and attention demands,
accuracy feedback, perceived agency, and task motivation for par-
ticipants. To our knowledge no study has specifically investigated
the role of task pacing (i.e., self- vs. fixed-paced trial durations)
on developmental differences in sequence learning as measured
via the SRT paradigm.
The purposes of the present study were: (1) to replicate pre-
vious findings of developmental differences in implicit learning
as measured by the SRT task and (2) to investigate whether
variations in task pacing impact implicit learning on the SRT
task equivalently in children and adults. Given that the great-
est developmental differences in implicit learning are likely to
exist between the youngest testable age group of children vs.
adults, we directly compared learning of 4-year-old children
and adults. In experiment 1, group differences in learning were
assessed on self- and fixed-paced versions of a spatial sequence
learning SRT paradigm. In experiment 2, we separately assessed
whether response contingent feedback (based on accuracy) influ-
enced children’s learning in the context of the self-paced task.
Overall, we hypothesized that 4-year-old children would show
reduced learning relative to adult participants regardless of the
SRT paradigm used. In addition, we hypothesized that preschool-
ers would show increased sensitivity to SRT task demands, such
that children would exhibit reduced learning when the rate of
stimulus presentation was fixed and not contingent on their own
response time.
EXPERIMENT 1
MATERIALS AND METHODS
Participants
Data from 60 preschoolers (Mage = 4.74 years; range =
4.10–5.00 years; 30 female) and 60 adults (Mage = 23.14 years;
range = 18.28–34.27 years; 30 female) were analyzed in the final
sample. Families of children were recruited from a commu-
nity volunteer participant pool maintained by the University of
Minnesota. Children in the final sample were predominantly
Caucasian (95%), lived in college-educated (93%) two-parent
families (98%), with median incomes between $76,000 and
$100,000. Adult participants were recruited from the University
of Minnesota campus. Adults in the final sample were predomi-
nantly Caucasian (80%) and the majority were undergraduate or
post-graduate students (78%). All participants were prescreened
to exclude any history of birth complications (including pre-
mature birth), serious medical issues, learning disabilities, or
personal or immediate family history of neurological and/or
psychological disorders. Parents of children provided consent
to participate and were compensated for their efforts. Children
received a small gift (e.g., book, set of stickers, stuffed animal,
puzzle) selected from a cabinet of prizes after completion of
the experiment. Adult participants also provided consent and
were compensated for study participation. Study procedures were
approved by the University of Minnesota’s Institutional Review
Board.
Additional participants were tested but not included in the
final sample due to poor task accuracy (34 preschoolers), explicit
awareness of the sequence (3 preschoolers, 1 adult), and failure
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to complete the task (12 preschoolers, 1 adult; see Procedure for
more detail).
Procedure
Child and adult participants were told they would be playing a
computerized game of tag with the characters from Sesame Street
to investigate how children learn new skills with practice. During
each experimental trial, a 9 × 9 cm image of the face of one of
four Sesame Street characters was presented in a framed loca-
tion on a 41 × 31 cm monitor. The four frames were arranged in
a quadrant orientation, with a separate 9 × 9 cm frame in each
quadrant of the screen; frames were spaced 7 cm apart horizon-
tally and 6 cm apart vertically (see Figure 1). Participants were
instructed to “tag” the character as quickly as possible by press-
ing a button that corresponded to the character’s spatial location
on a button response box, while making as few mistakes as pos-
sible. Participants were instructed to use their dominant hand to
respond (4-year-olds completed a brief test with the experimenter
prior to beginning the experiment to determine handedness).
The 35.5 × 35.5 cm button box consisted of four large 5 × 5 cm
buttons that corresponded to the arrangement of the spatial loca-
tions on the computer screen. Between trials, participants were
encouraged to return their hand to a neutral, central position on
the button box. Button presses were collected and evaluated for
accuracy of first press and reaction time on correct trials.
All participants completed five runs of 84 trials with the
potential for short breaks between runs. Prior to beginning the
experimental blocks, children also completed one or two short
practice runs to ensure task comprehension. Each practice block
was composed of 36 pseudorandomly ordered trials constrained
such that stimuli never appeared consecutively within the same
FIGURE 1 | Basic task, run, and analysis design used for each of the
five runs of the SRT task variants, where R represents
pseudorandomly appearing stimuli and S denotes stimuli that
followed the 10-item spatial sequence. Stimuli are denoted by an
asterisk; actual stimuli used were cartoon characters from the children’s
television program Sesame Street.
frame and were balanced to include an equal probability of target
appearance in all frame locations.
Participants were randomly assigned to complete either a
fixed-paced or a self-paced version of the SRT task. In the fixed-
paced condition, each stimulus was presented on the screen for a
constant trial duration, followed by a fixed inter-stimulus inter-
val (ISI), without feedback regarding participant accuracy. Trial
duration for adults was 750ms with an ISI of 750ms based
on previous studies in our laboratory with adults and 8-year-
old children. However, initial testing with 4-year-olds suggested
that the trials were too rapid for many of the children. Based
on the average response time for these pilot participants, we
increased the stimulus duration to 1500ms for 4-year-olds, with
an ISI of 1500ms. In the self-paced condition, each stimulus
was instead presented for a variable trial duration, followed
by a fixed response-to-stimulus interval (RSI; 500ms for both
adults and children), with the trial duration contingent upon the
time taken for the participant to execute a correct button press
response.
Within each of the five runs, participants were presented with
interleaved blocks of pseudorandom and sequence trials (see
Figure 1). Sequence blocks were composed of 10 trials follow-
ing a fixed, 10-step sequence of spatial locations. Each participant
was exposed to only one of two possible predictable sequences
during the task, with the two sequence variants counterbalanced
across task condition, age group, and gender. The first sequence
followed the pattern 3-1-4-2-1-3-4-1-2-4, where 1 represents the
top left frame, 2 represents the top right frame, 3 represents
the bottom left frame, and 4 represents the bottom right frame.
The alternate sequence followed the pattern 1-3-2-4-3-1-2-3-4-2.
Pseudorandomblocks consisted of six trials without any fixed pat-
tern of spatial locations. Pseudorandom blocks were constrained
such that stimuli never appeared consecutively within the same
frame and were balanced to match the uneven location probabil-
ities presented in the sequence blocks. No salient cue marked the
switch from pseudorandom to repeated sequence blocks, and par-
ticipants were not informed that the stimuli sometimes followed
a hidden sequence.
Directly following completion of the entire task, children and
adults were asked a series of open-ended, free-recall questions
to assess potential explicit awareness of the sequence structure,
including: What did you think of the game? Did you feel like you
got faster with practice? Did you ever think you could tell where
the pictures were going to move next? If children or adults indi-
cated the presence of a pattern structure by responding “yes” or
“maybe” to the final question, they were encouraged to generate
any patterns by demonstrating them on the original button box
or an example figure that depicted the four frame locations on
the computer screen.
Additional participants were tested but excluded from the final
sample of 60 preschoolers and 60 adults. Data from 1 adult (1
fixed-paced) and 12 preschoolers (5-self paced, 7 fixed-paced)
were excluded due to failure to complete five runs of the task. In
order to effectively compare learning across children and adults
and to ensure learning was implicit, we made an effort to include
participants in the final sample who reached similar levels of
behavioral performance and explicit awareness of the sequence.
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All adults achieved an average accuracy above 80 percent on ran-
dom and sequence trials across the entire task. Preschoolers were
included in the final sample if they attained the same level of accu-
racy, or if their average accuracy within each individual run on
random and sequence trials separately was at least 70 percent.
Thirty-four preschoolers failed to meet this accuracy criterion
(12 self-paced, 22 fixed-paced). Explicit awareness of the sequence
was coded as recall of a consecutive string of five or more sequen-
tial locations or recall of two strings of four or more consecutive
locations, even if overlapping (Thomas et al., 2004). Data from
one adult (1 self-paced) and three preschoolers (1 self-paced, 2
fixed-paced) were removed due to explicit sequence awareness.
Exploratory analyses using a more sensitive measure of partial
sequence awareness, coded as recall of a consecutive string of three
or four sequential locations, indicated that children were more
likely to exhibit partial awareness than adults, χ2(1, 120) = 5.78,
p < 0.02. However, partial awareness of the sequence was not
associated with improvements in implicit learning, and did not
account for differences by task or age group; thus these individ-
uals were retained in the final data set given that they did not
differentially impact the reported results.
Data preprocessing
Due to the partially ambiguous structure of the 10-item sequences
used, two preceding locations in serial order were required to
accurately predict the third sequence item. Thus, because the first
two trials of the 10-item sequence were unpredictable, these trials
were coded as random (following Meulemans et al., 1998), result-
ing in an analysis plan comparing blocks of eight random trials or
eight sequence trials. Furthermore, the four random trials at the
end of each run were also excluded from analyses; these trials were
present in the task design only to ensure runs did not end follow-
ing a block of sequence trials, which could inadvertently increase
the salience of the hidden sequence to participants (see Figure 1).
Additionally, since response time was unconstrained in the
self-paced condition, data from the 4-year-old children were fil-
tered based on a cut-off of 2.5 standard deviations above the
individual’s mean reaction time on correct trials. This filtering
removed a small number of trials with atypically long latencies
that resulted from off-task behavior. This filter was not used for
the data of preschoolers in the fixed-paced condition because chil-
dren’s maximum reaction time on this task was restricted by the
fixed-length trial duration.
Statistical analyses and learning measure
Planned analyses first investigated potential effects of age or task
condition on accuracy for random and sequence trials using
2 × 2 × 2 repeated measures ANOVAs with trial type (random,
sequence), age group (preschooler, adult), and task (fixed-paced,
self-paced) as independent variables.
Because we anticipated large age-related differences in both
average reaction time and reaction time variability, we used a z-
normalized reaction time score based on each individual’s mean
(following Thomas et al., 2004). Using this approach, learning
was measured by the mean difference between standardized reac-
tion times on random trials in comparison to sequence trials.
Successful sequence learning was thus indicated by a positive
mean difference score, averaged across runs (i.e., overall learning
effect), which reflected faster reaction times on sequence trials in
comparison to random trials. Data based on raw reaction time
scores are also presented.
Developmental differences in implicit learning by task con-
dition were assessed using a 2 × 2 ANOVA with age group
(preschooler, adult) and task (fixed-paced, self-paced) as inde-
pendent variables and z-normalized learning scores as the depen-
dent variable. Simple task-related effects within groups were also
computed using independent samples t-tests. Finally, one-sample
t-tests were then used to verify whether participants demon-
strated statistically significant learning (i.e., a z-normalized learn-
ing score greater than 0) within specific age group and task
conditions. All analyses were conducted at α = 0.05. Results are
plotted using means and standard errors.
RESULTS
Accuracy
Adults and preschoolers in the final sample demonstrated high
levels of behavioral accuracy on both random (adults: M = 0.99,
SD = 0.01; preschoolers: M = 0.89, SD = 0.05) and sequence
trial types (adults: M = 0.99, SD = 0.00; preschoolers: M =
0.90, SD = 0.05). A 2 × 2 × 2 repeated measures ANOVA with
trial type, age group, and task as independent variables and accu-
racy as the dependent variable revealed a significant main effect
of trial type, F(1, 116) = 4.42, p = 0.04, ηpartial2 = 0.04, where
performance was better overall on sequence than random trials.
Unsurprisingly, there was also a significant main effect of age such
that adults performed more accurately than children, F(1, 116) =
271.66, p < 0.01, ηpartial2 = 0.70. As previously described, chil-
dren who had poor response accuracy overall were excluded from
analyses. Therefore, the age effect observed here is likely a more
conservative estimate than would be expected in a more inclusive
sample of 4-year-old children.
Importantly, there was no main effect of task, F(1, 116) = 0.14,
p = 0.71, ηpartial2 = 0.00, no significant interaction between age
and task, F(1, 116) = 0.30, p = 0.58, ηpartial2 = 0.00, and no other
significant two or three way interactions, indicating that although
adults were more accurate than children, this was a global accu-
racy benefit that occurred equivalently across trial types and task
conditions.
Learning
Preliminary analyses using a 2 × 2 repeated measures ANOVA
with trial type and age group as independent variables and reac-
tion time as the dependent variable revealed a significant main
effect of age, F(1, 118) = 405.12, p < 0.01, ηpartial2 = 0.77. Adults
responded more quickly than children across trial types, justi-
fying our use of the z-normalized learning measure to compare
learning between age groups that differed substantially in reac-
tion time and reaction time variability (see Statistical Analyses
and LearningMeasure for more detail). Below we reported results
for z-normalized reaction times but summarized results using raw
reaction times are also included for comparison.
Developmental differences in implicit learning by task con-
dition were assessed using a 2 × 2 ANOVA with age group and
task as independent variables and z-normalized learning score
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as the dependent variable. There was a significant main effect of
group, F(1, 116) = 55.90, p < 0.01, ηpartial2 = 0.33, where adults
showed higher levels of sequence specific learning than children
across task conditions (adults: M = 0.35, SD = 0.14; preschool-
ers: M = 0.15, SD = 0.16). There was also a significant main
effect of task, F(1, 116) = 5.49, p = 0.02, ηpartial2 = 0.05, where
learning was greater in the self-paced than the fixed-paced con-
dition (self-paced: M = 0.28, SD = 0.16; fixed-paced: M = 0.22,
SD = 0.20). Finally, as predicted, we found a significant inter-
action between age group and task, indicating that the effect of
task condition on learning was greater for children than adults,
suggesting that younger children showed an increased sensitivity
to variations in the SRT task procedure and demands, F(1, 116) =
7.34, p = 0.01, ηpartial2 = 0.06 (see Figure 2).
Importantly, follow-up analyses utilizing one-sample t-tests
on the z-normalized learning measure indicated that both adults
and 4-year-olds showed a robust, overall learning effect on both
tasks versions [adult fixed-paced: M = 0.36, SD = 0.15, t(29) =
12.82, p < 0.01; adult self-paced: M = 0.35, SD = 0.13, t(29) =
14.42, p < 0.01; preschooler fixed-paced: M = 0.09, SD = 0.13,
t(29) = 3.58, p < 0.01; preschooler self-paced: M = 0.22, SD =
0.16, t(29) = 7.60, p < 0.01]. However, while adults showed no
difference in overall learning magnitude between the fixed- and
self-paced tasks, t(58) = 0.26, p = 0.79, children’s learning was
significantly greater in the self-paced condition, t(58) = −3.52,
p < 0.01.
When the identical analyses were conducted using raw
reaction time learning scores highly similar effects were
observed. The main effect of age group was now non-significant
because of large overall differences between adults and 4-
year-olds in baseline reaction time, F(1, 116) = 2.92, p = 0.09,
ηpartial2 = 0.03. However, the main effect of task remained,
F(1, 116) = 12.85, p < 0.01, ηpartial2 = 0.10, with greater learning
in the self-paced than the fixed-paced condition (self-paced:
M = 72.30ms, SD = 57.02ms; fixed-paced: M = 41.03ms,
FIGURE 2 | Magnitude of the overall learning effect for adults and
preschoolers in the fixed- and self-paced conditions. Adults showed
equivalent learning across tasks while preschoolers had significantly greater
learning scores in the self-paced condition. ∗p < 0.05.
SD = 40.07ms). Similarly, follow-up analyses using one-sample
t-tests on the raw reaction time learning scores indicated that
both age groups showed significant learning on all task versions
(adult fixed-paced: M = 44.91ms, SD = 21.34ms, t(29) = 11.53,
p < 0.01; adult self-paced: M = 53.53, SD = 24.36ms,
t(29) = 12.04, p < 0.01; preschooler fixed-paced: M = 37.16ms,
SD = 52.73ms, t(29) = 3.86, p < 0.01; preschooler self-paced:
M = 91.06ms, SD = 72.75ms, t(29) = 6.85, p < 0.01). Most
importantly, the interaction between age group and task
remained significant, F(1, 116) = 6.74, p = 0.01, ηpartial2 = 0.06,
such that children, t(58) = 3.29, p < 0.01, but not adults,
t(58) = 1.46, p = 0.15, showed a difference in learning magnitude
by task condition.
The time courses of z-normalized and raw reaction times for
random and sequence trials by age group and task are presented
in the supplementary materials (see supplementary figures 1–4).
INTERIM DISCUSSION
Results from adult participants support the conclusions of pre-
vious research suggesting that implicit learning measures are
robust across variations in SRT task procedures. Specifically,
adults showed equivalent learning on both self- and fixed-paced
versions of a spatial sequence learning SRT paradigm. However,
results from 4-year-old children instead indicated that preschool-
ers showed significantly greater learning on a self-paced SRT task
in comparison to a fixed-paced SRT task, suggesting implicit
learning measures in younger children are highly sensitive to
changes in task demands.
Why did 4-year-old children demonstrate dramatically larger
learning effects on the self-paced task? Although the fixed- and
self-paced tasks differed in stimulus pacing, these two tasks
also differed in whether accuracy feedback was provided to the
participant. Specifically, in the fixed-paced task, each stimu-
lus was presented for a constant trial duration without feed-
back regarding participant accuracy. However, in the self-paced
condition, accuracy feedback was intrinsically present in the
task design given that each stimulus was presented for a vari-
able trial duration based on the amount of time required by
the participant to execute the correct response. Thus, although
children showed greater learning in the self-paced condition,
it was unclear whether this was due specifically to task pac-
ing, accuracy feedback, or more general attention/motivational
factors.
EXPERIMENT 2
The purpose of experiment 2 was to separately assess the
impact of accuracy feedback on implicit learning measures
in the context of the self-paced SRT task. Given that adults
showed equivalent learning across the two task variants utilized
in experiment 1, we chose to examine the effect of accu-
racy feedback on implicit learning only in preschool-aged
children. We developed a separate version of the self-paced
task that was non-contingent on response accuracy to assess
the impact of accuracy feedback on implicit learning in
this context. We then compared performance on this non-
contingent task variant to performance on the two tasks in
Experiment 1.
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MATERIALS AND METHODS
Participants
Data from 30 preschoolers (Mage = 4.69 years; range = 4.03–4.91
years; 15 female) recruited via the same method as in experi-
ment 1 were analyzed as the final sample. Additional children
were tested and excluded from the final sample due to failure to
reach the accuracy criterion (3 children), explicit awareness of the
sequence (2 children), or failure to complete the task (3 children)
based on the same criteria set in experiment 1.
Procedure
Children completed a modified version of the self-paced task
described in experiment 1, which was designed to be non-
contingent on response accuracy. In this non-contingent self-
paced condition, each stimulus was presented for a variable trial
duration, followed by a fixed RSI (500ms). Trial duration was
contingent upon the time taken for the participant to execute any
button press, regardless of accuracy.
Explicit awareness was assessed via the same procedure as
described in experiment 1. Because reaction time was not con-
strained in this task, data were filtered in the same manner as
described in experiment 1 using a 2.5 standard deviation cut-off
and analyzed using identical statistical methods.
RESULTS
Accuracy
On the non-contingent self-paced task, preschoolers demon-
strated high levels of behavioral accuracy on both random (M =
0.91, SD = 0.04) and sequence (M = 0.92, SD = 0.05) trials,
although accuracy was again marginally higher for sequence tri-
als, t(30) = −1.96, p = 0.06. A 2 × 3 mixed measures ANOVA
indicated that there was no significant difference in preschooler’s
average accuracy over random and sequence trials between
the fixed-paced (experiment 1), self-paced (experiment 1), or
non-contingent self-paced (experiment 2) tasks, F(2, 87) = 2.79,
p = 0.07, ηpartial2 = 0.06.
Learning
Z-normalized results indicated that preschoolers demonstrated a
robust overall learning effect on the non-contingent self-paced
task (M = 0.20, SD = 0.16, t(29) = 6.75, p < 0.01).
To isolate the effects of task pace on learning, preschoolers’
learning was compared on the fixed-paced and non-contingent
self-paced task, which differed only in rate of stimulus presenta-
tion. An independent samples t-test indicated that preschoolers
showed greater learning on the non-contingent self-paced task
in comparison to the fixed-paced task, t(58) = 2.91, p = 0.01 (see
Figure 3).
To examine the effects of accuracy feedback on learning,
preschoolers’ learning was compared on the self-paced and non-
contingent self-paced tasks, which differed only in whether a
correct response was required to advance through trials. An
independent samples t-test indicated that preschoolers showed
equivalent overall learning on the two self-paced task versions,
t(58) = −0.54, p = 0.59 (see Figure 3).
Effects using raw reaction time learning scores rather than
z-normalized learning scores were equivalent. A one-sample t-test
FIGURE 3 | Magnitude of the overall learning effect for preschoolers
across task (data from experiment 1 and 2). Learning for preschoolers
was equivalent on the two self-paced tasks and significantly greater than
learning in the fixed-paced condition. ∗p < 0.05.
indicated that preschoolers showed significant learning on the
non-contingent self-paced task (M = 78.72ms, SD = 59.57ms,
t(29) = 7.24, p < 0.01). Learning based on raw reaction time
scores on this task was greater in comparison to the fixed-
paced task, t(58) = 2.86, p < 0.01, but equivalent to the original
self-paced task version, t(58) = −0.72, p = 0.48.
The time courses of z-normalized and raw reaction times for
random and sequence trials on the non-contingent self-paced task
are presented in the supplementary materials (see supplementary
figures 5, 6).
DISCUSSION
GENERAL DEVELOPMENTAL DIFFERENCES
Overall, results support a growing literature (e.g., Mayberry et al.,
1995; Fletcher et al., 2000; Clohessy et al., 2001; Thomas and
Nelson, 2001; Thomas et al., 2004; Vaidya et al., 2007; Janacsek
et al., 2012) suggesting that developmental change occurs in
implicit learning during childhood. Specifically, we found that
implicit learning, as measured by the classic SRT task, is not
equivalent in preschool-aged children and adults. Instead, across
fixed-, self-paced, and non-contingent self-paced task variants,
4-year-old children showed reduced sequence specific learning in
comparison to adults. Furthermore, these developmental differ-
ences in learning were present despite high levels of task accuracy
in both 4-year-olds and adults, suggesting a general immaturity
of implicit learning skills in young children.
Previous authors have argued that developmental differences
in implicit learning observed in some SRT studies may be due
to group differences in explicit awareness of the sequence struc-
ture rather than true differences in implicit learning abilities (e.g.,
Meulemans et al., 1998). In the present study, this problem is
unlikely given that any participants who demonstrated explicit
awareness of the underlying sequence structure were removed
prior to final data analyses. In addition, more 4-year-olds than
adults showed explicit awareness of the underlying sequence
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structure, suggesting that such awareness is not sufficient to
explain age-group differences in sequence learning.
Alternatively, recent research with adults with mild cognitive
impairment suggests that multiple learning mechanisms may be
engaged within a single short block of an implicit learning task
(Nemeth et al., 2013). It is possible that childrenmay show similar
dissociations between early and later learning within individual
SRT tasks blocks, although there is not specific evidence to suggest
that utilization of early vs. late learning mechanisms would vary
dramatically across fixed- vs. self-paced tasks. However, future
studies should examine whether developmental differences in
sequence-specific learning can be explained by isolated differ-
ences in particular learning mechanisms engaged earlier in a task
block.
Developmental differences in the way children and adults
approach the SRT taskmay also be responsible for observed group
differences in implicit learning. For example, attempts by younger
children to explicitly learn the underlying sequence structure
may have a detrimental effect on implicit learning measures, due
to overall reduced processing capacities in children vs. adults
(Howard and Howard, 2001). Experimental support for this idea
has been provided by Karatekin et al. (2007) who found that while
children, adolescents, and adults showed equivalent learning on
an SRT task under incidental learning conditions, when partici-
pants were explicitly instructed about the presence of a sequence,
children then showed reduced learning in comparison to adults.
In the present experiment we did not attempt to determine if
age-related differences in strategies utilized during the SRT task
impacted implicit learning measures.
It is also important to recognize that although we found
robust differences in learning between children and adults, this
result is not always replicated in the developmental implicit
learning literature. In this study, we used z-normalized mean
difference scores to assess sequence-specific learning, given the
large group differences in average reaction time between chil-
dren and adults. Overall there has been little consistency in how
learning is quantified and compared for groups of individuals
that differ in baseline reaction time. Various studies have com-
pared raw reaction time measures (e.g., De Guise and Lassonde,
2001), raw reaction time differences between sequence and ran-
dom trials (e.g., Meulemans et al., 1998; Fischer et al., 2007),
proportional change in raw reaction time (e.g., Thomas and
Nelson, 2001; Karatekin et al., 2007), as well as z-normalized
difference scores (e.g., Thomas et al., 2004) across groups. At
this point it remains unclear which method is most appropri-
ate for correcting for group-based differences in baseline reaction
time (e.g., see Janacsek et al., 2012 for a recent discussion of this
topic). We contend that z-normalizing at the level of the individ-
ual subject is the most effective method of reducing the impact
of age group differences in overall reaction time while preserv-
ing the rich distribution of reaction times for every participant.
Importantly, the within age-group comparisons reported here,
which are less affected by such transformations, indicate that
modifications to the SRT paradigm that do not impact learning
in adults can significantly affect implicit learning in younger chil-
dren, even after accounting for baseline differences in reaction
time.
TASK DEMAND EFFECTS
Although previous studies have reported that implicit sequence
learning is robust across procedural variations in adults (e.g.,
Meulemans et al., 1998; Robertson and Pascual-Leone, 2001;
Chambaron et al., 2006; Deroost and Soetens, 2006; Song
et al., 2007), our results demonstrated that preschool-aged chil-
dren were highly sensitive to SRT task demands. Specifically,
increased magnitude of sequence specific learning was observed
in preschool-aged children for self-paced compared to fixed-
paced trials. Future studies will be needed to determine at what
age the effects of task pacing on learning become less salient.
However, these overall results support findings in the more gen-
eral implicit learning literature which suggest that alterations
to the timing aspects of implicit or statistical learning task can
impact the magnitude of learning observed (e.g., Frensch and
Miner, 1994; Soetens et al., 2004; Toro et al., 2005; Turk-Browne
et al., 2005; Arciuli and Simpson, 2009). Furthermore, related
work examining the developmental course of associative learning
in conditioning paradigms also argues that developmental differ-
ences in learning may be due to sensitivity to timing parameters.
Specifically, although adult animals and humans showed simi-
lar rates of associative learning across conditioning paradigms,
younger animals and human infants and children failed to show
conditioning at equivalent rates under procedures in which a
stimulus-free interval separated the conditioned and uncondi-
tioned stimulus or under long-delay conditions (see review in
Herbert et al., 2003).
Although pacing and/or timing seems to be an impor-
tant determinant of learning, future studies are also needed to
isolate what characteristics of the self-paced learning environ-
ment (e.g., differences in attention, perceived agency, motiva-
tional demands, timing, stimulus-response contingencies, etc.)
drive the developmental effects of task pacing on implicit
learning. Other work has demonstrated that implicit learn-
ing can be separated into multiple components, including
learning of stimulus-stimulus, response-response, and stimulus-
response/response-stimulus contingencies (e.g., Ziessler, 1998;
Ziessler and Nattkemper, 1998). Furthermore, when indepen-
dently separated, certain types of contingencies, particularly
learning the relationships between a response and a subsequent
stimulus, may contribute more overall to learning than stimulus-
stimulus or response-response associations. These separable types
of learning cannot be independently evaluated in the present data
set. In fact, the response-stimulus contingencies are comparable
across all three tasks in our study when participants are making
correct responses. However, one could argue that the response-
stimulus contingencies are disrupted in both the fixed- and
non-contingent self-paced tasks since the sequence of stimulus
presentation is not affected by incorrect responses. If these disrup-
tions affect learning, we would expect reduced learning in both
the fixed-paced and non-contingent self-paced tasks. Instead, the
maximal different in learning occurs between the fixed-paced and
the self-paced tasks. Alternatively, the response-stimulus contin-
gencies may also be affected by variations in task pacing. In the
fixed-paced task there is a delay between the response and the sub-
sequent stimulus because the task is non-contingent by design,
where as in the self-paced task this is mostly absent. This potential
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difference in response effects could alter the learnability of the
response-stimulus event pairs in the two task types, given that in
the self-paced task events are linked more closely in contingency
and time, which should support better learning (e.g., Frensch and
Miner, 1994).
It is also possible that differences in attentional demands
between the fixed-paced and self-paced paradigms are responsible
for the difference in learning by task observed only in preschool-
aged children. For example, Bulf et al. (2011) found that in
a visual statistical learning paradigm, infants only showed evi-
dence of detecting statistical regularities when the number of
items in the learning sequence was reduced from six to four, sug-
gesting that differences in selective attention and/or information
processing strongly impact statistical learning in developmental
populations. Although engagement of attention to other tasks
can negatively impact implicit learning in adults (e.g., Toro et al.,
2005), the effects of attention allocation during the SRT task have
not been well studied developmentally. Our experiments did not
utilize a dual-task or divided attention paradigm, but it is possible
that the fixed- and self-paced tasks differed in global attentional
or information processing demands for 4-year-old children while
remaining relatively equivalent for adult participants.
While differences in task pacing did not impact adults’ learn-
ing, for preschoolers the perception of agency and maintaining
individual control over the pacing of a task may be intrinsically
more motivating and/or rewarding than responding to fixed-
paced stimuli. In other learning contexts, adults are known to
prefer cues that predict opportunities to execute agency and make
choices (vs. cues that do not convey a choice opportunity; Leotti
and Delgado, 2011), even if the ability to make a choice con-
veys no additional reward (Bown et al., 2003). This preference
likely arises because both perceiving and exercising control is
highly adaptive for cognitive and emotional regulation through-
out the lifespan (Leotti et al., 2010). In the present study we
did not empirically assess whether children found the self-paced
task versions more engaging than the controlled stimulus presen-
tation rate of the fixed-paced task. However, it is notable that
a high number of 4-year-old children were excluded from the
fixed-paced condition due to poor accuracy or failure to complete
the task, suggesting that maintaining attention and motivation
to complete this task version was particularly difficult for chil-
dren, perhaps because of a perceived lack of agency induced by
the fixed-paced context.
To our knowledge no study has investigated the potential
effects of motivation or perceived reward on implicit learning
using an SRT-like task in children. In the adult literature, a
recent study that rewarded participants monetarily for respond-
ing rapidly to target stimuli during an SRT paradigm found
that extrinsic reward was associated with enhanced magnitude
of sequence specific learning effects in comparison to punish-
ment or control conditions (Wächter et al., 2009). Similarly,
research with non-human primates has also indicated that alter-
ing reward schedules can impact implicit learning measures in
the context of an SRT task (Procyk et al., 2000). Although we
did not employ a reward schedule in our SRT task, experiment
2 in the present study provides preliminary evidence that the
inclusion of accuracy feedback, and the possible changes induced
in perceived reward for children, does not additionally benefit
children’s implicit learning within the self-paced learning context.
CONCLUSION
In conclusion, the present study provides evidence for develop-
mental differences in implicit sequence learning that are depen-
dent on SRT task demands. It is likely that the large differences
observed in implicit learning between fixed- and self-paced tri-
als for preschool-aged children reflect broader differences in
motivation, attention, reward, and/or perceived agency between
the task rather than pure effects of stimulus timing. To better
understand the potential role of task demands in developmental
differences in sequence learning, it will be critical to determine
what mechanisms are responsible for developmental improve-
ments in implicit learning. fMRI studies comparing children and
adults have suggested that there are both age- and learning-related
neural correlates of SRT task performance (Thomas et al., 2004).
Furthermore, brain regions such as the striatum and frontal-
striatal circuits that support implicit learning in the context of the
SRT task during adulthood (e.g., Rauch et al., 1997) are known to
undergo extended development, well into later childhood (e.g.,
Sowell et al., 1999). Beyond implicit learning this diffuse network
contributes to diverse functions such as attention allocation and
motivated learning (e.g., Shohamy, 2011), which we hypothesize
also contribute to observed differences in learning. Thus, we hope
this study will drive researchers to consider at both behavioral
and neurodevelopmental levels how task demands are related to
developmental change in implicit learning.
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